We have used equilibrium values for L-leucine and L-lysine uptake by right-side-out vesicles to estimate the membrane abundance (sites/cell) of Na+-dependent amino acid transport systems L and y+ in human erythrocytes. All of the intravesicular space was accessible to L-leucine, as judged by comparisons with uridine uptake via the equilibrative nucleoside transporter (104 sites/cell). In contrast, only 28 % of the total intravesicular space was accessible to L-lysine uptake via system y+. Since human erythrocyte membranes generate an average of -1000 vesicles/cell, these data provide evidence that system L is a relatively high-abundance membrane transport protein in human erythrocytes, while system y+ is present in smaller amounts (-300 copies/cell). Calculated turnover numbers for L-lysine transport by system y+ at 37°C are 24 s-1 for zero-trans influx and 150 s-1 for equilibrium-exchange influx.
INTRODUCTION
In marked contrast with most other classes of plasma membrane transport systems, no specific high-affinity inhibitors of mammalian amino acid transporters are known, and systems have been identified and characterized entirely on the basis of substrate specificity and cation/anion requirements [1] [2] [3] . This lack of suitable covalent or reversibly binding probes has hampered molecular studies of amino acid transport proteins [4] [5] [6] [7] [8] [9] and has provided an obstacle to obtaining quantitative data on the membrane abundance (sites/cell) of such systems in different cell types and tissues. This latter information is required for a full kinetic understanding of amino acid permeation mechanisms, and is also a necessary prerequisite for isolation and purification studies.
Erythrocytes from different mammalian and other vertebrate species express a diverse array of different amino acid transporters, making this cell type an ideal model system for amino acid permeation studies [10, 11] . Two equilibrative amino transporters present in human erythrocytes are system L, which is selective for large hydrophobic amino acids such as leucine and phenylalanine [12] [13] [14] [15] , and system y+, which is specific for the dibasic amino acids lysine, ornithine and arginine [14, 16, 17] . We report here that plasma membranes prepared from human erythrocytes retain system L and system y+ activity after vesiculation into right-side-out membrane vesicles. Based upon a novel approach developed originally by Lew et al. [18] for studies of the human erythrocyte Ca2l-activated K+ channel, we have used vesicle equilibration volumes for leucine and lysine uptake to provide, for the first time, information on the numbers of system y+ and system L transporters present in human erythocytes.
MATERIALS AND METHODS

Vesicle preparation
Freshly drawn heparinized human blood was washed three times in 150 mM-NaCl/5 mM-sodium phosphate (pH 8.0). The buffy coat was discarded. To prepare erythrocyte ghosts, packed cells (2 ml) were haemolysed in 40 ml of ice-cold 5 mM-sodium phosphate (pH 8.0) and the membranes were washed three times by repeated centrifugation (30000 g for 10 min) and resuspension in 40 ml of the same solution. The final haemoglobin-free membrane pellet was resuspended in 2 ml of 5 mM-sodium phosphate (pH 8.0).
Right-side-out membrane vesicles were prepared by the method of Steck [19] , as modified by Cohen & Solomon [20] and Tse et al. [21] . A 2 ml portion of ghosts prepared as described above was diluted to 50 ml with 0.5 mM-sodium phosphate (pH 8.0) and left on ice for 30 min. At the end of this period, 0.1 mM-MgCl2 (final) was added to the suspension. Membranes were then pelleted by centrifugation (30000 g for 1 h) and the pellet was kept at 4°C overnight to promote vesiculation. After overnight incubation, the membrane pellet was resuspended to 2 ml in 0.1 mM-MgCl2/0.5 mM-sodium phosphate (pH 8.0) and homogenized by passing five times through a no. 27 gauge needle. The suspension was then layered on to 3 ml of Dextran T-70 barrier solution [45 % (w/v) Dextran T-70, 0.1 mM-MgSO4, 0.5 mM-sodium phosphate, pH 8.0] in a 5 ml Beckman SW 50.1 centrifuge tube and centrifuged at 30000 g for 4 h. Sealed rightside-out membrane vesicles were harvested from the barrier interface, washed twice with 5 mM-sodium phosphate (pH 8.0) and resuspended and stored at 4°C in the same buffer at 2-4 mg of protein/ml. Right-side-out vesicles were determined to be > 98 % pure by glyceraldehyde-3-phosphate dehydrogenase assay as described by Steck [19] .
Transport studies
Vesicle transport experiments were performed at 25°C by Millipore filtration techniques [21] [22] [23] .
Influx experiments. Amino acid uptake was initiated by ad- [18, 19] . This is substantially less than the numbers of copies per erythrocyte of several well-characterized erythrocyte membrane transport systems, such as the erythrocyte anion (band 3), glucose and nucleoside transporters (approx. 106, 2 x 105 and 104 copies per cell respectively) [24] [25] [26] . Human erythrocyte membrane vesicles will therefore contain multiple copies of each of these three transporters and all of the intravesicular space will be accessible to the permeants (e.g. glucose, uridine). This is not the case for low-abundance transport systems such as the Na+ pump (100-200 sites per cell) [27] , where membrane vesiculation yields a mixture of transport-competent and transporter-deficient vesicles [18] . Under these circumstances, only a fraction of the total intravesicular space is accessible to permeant. Using human erythrocyte inside-out membrane vesicles, Lew et al. [18] demonstrated that the percentage of the total intravesicular space accessible via the Ca2+-activated K+ channel (86Rb efflux activated by external Ca2l) was similar to that available to the Na+ pump (86Rb efflux in the presence of external Na+ and ATP). On the basis of this result, it was concluded that the two cation transport systems have similar numbers of copies per cell. The objective of the present study was to use a similar approach to investigate the membrane abundance of two human erythrocyte amino acid transporters, the neutral amino acid transport sytem L and the dibasic amino acid carrier, system y+. Fig. 1 shows a representative time-course experiment comparing the uptake (0.2 mm concentration, 25°C) of L-lysine, Lleucine, L-glutamate and uridine by human erythrocyte rightside-out membrane vesicles. L-Lysine and L-leucine were selected as representative system y+ and system L permeants respectively, while L-glutamate, which is largely impermeant in intact human erythrocytes [14] , was a control for vesicle integrity. Uridine, a nucleoside transporter permeant [26] , was included in the experiment to report the total intravesicular space of the preparation. Uptake of both L-lysine and L-leucine proceeded rapidly during the first 2 min of incubation. For L-leucine, the 5 min equilibration value was identical to that for uridine and corresponded to an uptake of 1.37 nmol/mg of protein. Similar values for uridine uptake have been obtained by us previously for both inside-out and right-side-out human erythrocyte membrane vesicles [21] . To exclude the possibility of amino acid binding to vesicles, rather than transport, we equilibrated vesicles with 0.2 mm radiolabelled L-leucine (5 min incubation), after which 10 mm non-radioactive L-leucine was added to the suspension. This resulted in the predicted rapid loss of radioactivity from the vesicles (79% in 30 s) and was followed by a slow re-equilibration of tracer with the intravesicular space. In other control experiments, uptake of L-leucine by vesicles (0.2 mm, 10 was confirmed to be highly temperature-dependent (Q10 -4) and sensitive to inhibition by the system L permeant L-phenylalanine (84 % inhibition, 15 mM-L-phenylalanine). In contrast to Lleucine and uridine, L-lysine uptake reached a plateau at a substantially lower value of 0.53 nmol/mg of protein, an Llysine/(L-leucine, uridine) equilibration ratio of 0.39. Results from four separate vesicle preparations gave a mean lysine/ (leucine, uridine) ratio of 0.28 + 0.04 (5 min incubation, Table 1 ). In contrast with results with these three permeants, vesicles showed no significant uptake of L-glutamate after 5 min (Fig. 1) .
To establish that the observed uptake of L-lysine by vesicles was mediated by system y+, the initial rate of L-lysine uptake (0.2 mM, 15 s incubation) was measured in the presence of a series of competing non-radioactive amino acids (2.0 mM). As shown in Table 2 , radiolabelled L-lysine uptake was substantially inhibited by non-radioactive L-lysine, L-ornithine and L-arginine, whereas L-leucine, L-alanine and L-glutamate had little effect. In addition to transmembrane permeation via system y+, L-lysine is transported slowly and with low affinity by system L 114]. Also, intact human erythrocytes exhibit a measurable rate of lysine diffusion across the lipid bilayer [14] . These secondary permeation pathways allowed lysine to equilibrate fully with the intravesicular space after 2 h at 25 'C. Under these prolonged incubation conditions, L-glutamate-reached one-third equilibration with the intravesicular space. In intact cells, this amino acid is accepted as an 'accidental' substrate by the band 3 anionexchange transporter, and some diffusion across the lipid bilayer also occurs [28] .
Based upon these results, we conclude that system L has access to the full intravesicular space, but that system y+, like the Na+ pump and the Ca2+-activated K+ channel [18] , is present in some vesicles only. This interpretation is consistent with results from the vesicle efflux experiment presented in Fig. 2 . This experiment demonstrates that vesicles pre-loaded with radioactive uridine and L-leucine (0.2 mM; 2 h at 25°C) lost all of their intravesicular permeant within 1 min, the rate of uridine efflux being -6-fold greater than that for leucine. Phloretin, at the concentration used in the transport assay stopping solution (20 /LM), decreased the rate of L-leucine efflux from vesicles 4-fold (results not shown). In contrast with these efflux profiles, but as expected from the L-lysine uptake data in Fig. 1 
In f(o) = -x For lysine transport via system y+, f(o) = (1-0.28) or 0.72, and hence x = 0.33. Assuming that 500-1500 vesicles are produced per cell [18, 19] , there are estimated to be between 170 and 500 copies of the lysine transporter per cell.
Previously, we have established that the VMax. for system y+-mediated uptake of L-lysine by human erythrocytes at 37°C is 0.49 mmol/h per litre of cells (Km 0.068 mM) [14] . Under true 7200 and 45 000 molecules of amino acid transported/s per cell, giving rise to turnover numbers of approx. 24 and 150 s-' for zero-trans influx and equilibrium-exchange influx respectively. These values are an order of magnitude lower than the corresponding turnover numbers for the erythrocyte glucose and nucleoside transporters [29] , but are well within the range of turnover numbers calculated for other membrane transport systems [29] .
It will be interesting to establish whether the relatively low turnover number of the erythrocyte lysine transporter compared with other erythrocyte facilitated-diffusion systems is a general property of all amino acid transporters or whether it is perhaps a consequence of the charged nature of the permeant. Although it is impossible to perform the same calculations for system L, since all vesicles showed transport, the present data can be used to predict a higher turnover number for system L. This is because, at a Vm.ax of 120 mmol/h per litre of cells at 37 'C for zero-trans L-leucine influx (Km 5.8 mM) [14] , the abundance of system L in human erythrocytes would be equivalent to that of the glucose transporter, which comprises 5 % of the total integral membrane protein.
The conclusions drawn from the present study depend upon the assumption that system y+ activity is stable and that no inactivation occurs during the procedures used to prepare vesicles. It is our experience that the transporter, in intact cells, retains activity and remains fully functional both during prolonged storage of blood or washed cells at 4 'C and during extended incubation at 37 'C. The possibility of transporter inactivation during membrane isolation and subsequent vesiculation is difficult to evaluate experimentally, but is unlikely in view of the mild nature of the conditions used and the fact that a wide range of other membrane transport systems (including amino acid transport system L) remain functional during these procedures.
